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Abstract

We present nuclear magnetic relaxation dispersfdormitudinal relaxation rate$/T; (NMRD) and
2D spin-correlationT;-T, at different frequencies for oil and brine confinen shale oil rocks. We
describe the nuclear spin relaxation models usedobsaining important dynamical and structural
parameters from these experiments. These modaiss aliterpreting the very different,/T, ratio
observed for these petroleum fluids on the 2D spimelationT;-T, observed at two frequencies. They
give also new informations on the dynamics and atdity of the embedded fluids as well as some

structural measurement on the kerogen pore size.
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1. Introduction

It is of primary importancéo probein situ and non-invasively the dynamics and wettabilityodf
water and gas trapped in the complex microstructtishale-oil rocks. The main reason is becausediq
and gas hydrocarbons can be produced from thesaiorgnd mineral sedimentary rocks. However, most
of the usual techniques cannot separate theses finithe complex microstructure of shale rocks.egalv
attempts of one-dimensional (1D) and two-dimendi¢@B) low-field *H nuclear magnetic resonance
(NMR) techniques have proven useful for probing flo&l dynamics in mature organic-shale reservoir
rocks [1-3]. 2D spin-correlation NMR technique atlfields (T;-T,) has proven useful for separating
fluids in confinement [4] and can be made down-hBlecently, we have used this 2D NMR technique
for probing the saturation of oil and brine in ghabcks [5]. However, it is not directly sensitiieethe
dynamics of the embedded liquids. We have alsoeexdeld by fast-field cycling relaxometry strongly
different magnetic-field dependence (NMRD) of tbaditudinal nuclear-spin-lattice relaxation rate,
of oil and and brine embedded in shales [5]. As technique explores a large magnetic field range
allowing changing the fluctuations to which the Ieac spin relaxation is sensitive, it has offered
multiscale opportunities for characterizing the ewollar dynamics and transport properties of fluids
embedded in confined environments [6]. But somestoies still remain for interpreting the striking
differences in the NMRD profiles as well as theddferent T,/T, ratio in the T;-T,) data of oil and brine
in shales. Here, we come back to the necessaryetitd models in 1D and 2D NMR data used at
variable frequencies for obtaining some new dynahand structural information on the mineral (clay)

and organic (kerogen) microstructures.

2. Materialsand methods

The rocks samples (oil/water/air and water/air) ednom a field producing light oil and are supplied
by Total EP, France The sponge-like microstructure of kerogen hashderacterized with FIB SEM
technique and presents a fractal distribution aemizes with a huge surface area [7, 8]. We show i

Fig.1 FIB SEM micrograph of the microporosity ofshale oil rock sample evidencing the quasi 1D
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connectivity of the kerogen micropores. Electromn3pesonance (ESR) spectroscopy has determined a
density of 7=4.50x10"° paramagnetic species (mainly #Mrions) per gram of shale-oil sample in a
single environment [5]The analysis has revealed a densitypgf.s-2.6 g/cm. We have deduced a
surface density of paramagnetic relaxation simks(/750shad® =2.39x10" Mn**/cnf assuming a
homogeneous repartition in the sample. This givesaerage distance between relaxing sinks about
1/vos ~ 2 nmon pore surfaces. NMRD data have been performedilomater/air shale rocks at room
temperature with a fast-field cycling (FFC) spentater fromStelar s.r.l., Mede, Italy5]. For separating

the NMRD responses of confined oil and water, weehased a standard procedure in the petroleum
industry [5]. Last, we use?D NMR T;-T; correlation experiments performed at 2.5 MHz aBdviHz

with an Oxford Instrumentspectrometer on “as received” oil/water/air shaek which presents two

different peaks associated to confined oil and wdtene).

3. Experimental results, data treatment and discussion on NMRD in shales

We used a home-written “Matlab” program [5] followgi closely the Butler-Reeds-Dawson [9] and
Venkataramanaet al algorithms [10] for analyzing the longitudinal nmagization decays ending to a
bimodal distribution off; for all the Larmor frequencies studied betweerkH@2 and 35 MHz. As shown
in inset of Fig. 2, the two thin peaks allow builditwo differentT;-NMRD profiles assigned to oil and
water [11]. We have proposed theoretical modelsd&scribing the longitudinal and transverse nuclear
spin relaxation of a fluid embedded either in 2R-[4] or 1D [15] pore geometries. Here, we justinat

the essential features of these models for watodrluids in confinement.

3.1 NMRD profile of water confined in lamellar claynerals

We assume the general biphasic fast exchange ndaek the exchange time between the proton-
water transiently belonging to the surface andhilié in pores is shorter than their respectivexaian
times. When considering the lamellar clay minerableled as a 2D system, the main contribution of the

proton relaxation comes from the 2D translationaitgn-water(l) diffusion at proximity of the fixed



paramagnetic relaxing sinks (K of spinsS=5/2 that modulates their relative dipole-dipole intgien.
The numerous 2D molecular reencounték-NIn®") are responsible for the net frequency dependence
observed in Fig. 2. In that case, we have prewoimlind that the longitudinal and transverse reiiaxa

times are given by [12-14]:

Rl,water (a% ) = R1,bu|k + [7T /(SOJV:\S/ater )]O-SIOW&\terSp,NMR(ylysh)2 S(S + 1) Tm
x| 3In 1+ Wy, +7In 1+ Wiy, ' @
(r/7.) + Wit (7 /7.) + iy

Rz,water (a% ) = R2,bu|k + [27T /(BOJEater)]aspwaterSp,NMR (y|ysh)2 S(S+ 1) Z-m

x| oin| Ts |4 3| Lr@iTn ) 18, [ 1+wd, (2)
rn) 4 \(r./r.) +afr2) 4 \(r,/1.] + it

In Egs. 1 and 2y and =658 )i are the gyromagnetic ratio of the proton and ebecios is the surface
density of paramagnetic sources of relaxation weatan probe by electron spin resonance [5] @R,

is the water density. Here, we have consideredira shrface layerd of the order of a molecular
size Awater-0.3 Nm This distance corresponds also to the averagandis of minimal approach between
proton-water and M ions. The translational correlation timg is associated with individual water
molecular jumps at pore surfaces. The surface ers@ time, s (>> 1)), which is limited by the
molecular desorption from the surface layerontrols how long the proton specleandS stay correlated
at pore surfaces. The rat 7, thus represents the dynamical surface affinitiNMR wettability [14].

The best fit obtained with Eq. 1 is displayed ig.F2 with a NMR specific surface ar8anv=47 nflg,

It

m=12.0 psand the frequency independent bulk vala_ﬁ‘uﬁ[r-SOs'l. For taking into account the rather

dispersed data at low frequency, we have varie@thigation energ$ < Es < 7.5 kcal/molassociated to
the activated residence times 7soexp(E&/RT) at pore surfaces. At high frequenayX0.3 MHz) the
entire fitting curves merge to a single one charatd by a single time of residenteg0.6 s (7>> 11y)

consistent with a water-wet situation (Fig. & estimation of the translational diffusion coei#int of



water at the mineral clay-like surface thus giN®§= dvae/(47n)=1.88x10° cnf/s which is slightly

lower than what is expected for bulk water at T€25°

3.2 NMRD profile of oil confined in the microstruc of kerogen.

Based on our previous proton NMRD data in 1D p¢i&$, the inverse squared-root behavior with a
leveling-off at low frequency shown as a red ling=ig. 2 strongly supports a relaxation processiéed
by a quasi-1D-translational diffusion of proton-sjpecies in proximity of paramagnetic Mrions at
surface of kerogen micropores with an exponentitbodf after a surface time of residengeHere again,
the dominant feature of this relaxation proceghéstime dependence of the probability of reencensnt
between moving protons and fixed paramagnetic spirfs evolving at long times a®(7)Uexp(-
1)/ 1 1y). This gives the behavidr,/71/V« observed in Fig. 2 at high frequency. The measured
fractal pore-size distribution gives a number ofgsdN(RYAR/Rna) ™" of sizeR in the range Rmin~2.5
nM - Rnax"630 nm}with the fractal dimensiob: ~2.3[7, 8]. Due to the divergence of such a distributi
for small nanopores, one finds that the highest bemof poresN(R) is around R*2.5-3 nm The
following relations proposed [15] for the longitndl and transverse relaxation rates induced by a
translational diffusion of a liquid confined in 1&ylindrical nanopores allows reproducing almosttiad

features shown in Fig. (2):

Ry i (Cq ) = ?it:ulk +4/2 /(157TR5120 il )Uspoil S, NMR( |ysh)2 S(S+1)41,I,

§ 3\/1+,/l+w,2r 7Jl+«/1+ Wir? : (3)

J1+ afr? J1+ ar?

R2,oi| (Cq ) = R(2),"bulk + 2\/_2 /(15\/§7TR512D oil )aspoil Sp NMR(y ysh)z S(S + 1)\/ Tmrs

1+1/1+ 1+ afr? 13\/_\/1+ 1+a)§ 2 (4)
X
1+ air? 8  J1+dir?




In Egs. 3 and 4, the oil density j%; = 0.85 g/cm and R~3.0 nmis the pore radius of the largest
population of pores following the fractal distribant described abovedp o™ &i/2 is the distance of
minimal approach betweehand S spins whered,; is the average size of hydrocarbon (octane). This
distance is taken at half of the molecular sizeabse the saturated oil has no ligand field to the
paramagnetic source of relaxation. The continuauses of Fig. 2 have been fitted with Egs. 3 and 4,
with S, nmr=30 n12/g and r=4.1 nsfor different values of the activation ener§y < Es < 7.4 kcal/mol
associated to the activated time of residengersoexp(&/RT) for considering the rather dispersed data
at low frequency. We see that such a distributibBgonly affects the NMRD profild/T;(«) below 0.3
MHz. In the high frequency range where all the fiterge to a single theoretical profiléT,(w) O
1N w , we find a single surface residence time0.78 us. An estimation of the translational diffusion
coefficient of oil at the surface of kerogen potess givesDsui= &i?/(47n)=2.58x10"cnf/s. We have
introduced previously a dynamical surface affinitlgex A=1J/r, that qualifies an average number of
molecular steps on the pore surface giving a kihtboal NMR wettability [14]. Here, we find\~195
which is typical of an oil-wet situation in kerogeores. The very small value B, compared to the

bulk octane is due to the oil-wet condition favogrithe dynamical surface affinity of the highly tiaed

oil in kerogen nanopores.

4. Experimental results, data treatment and discussion on 2D NMR T31-T,and T4/T,in shales

The confined oil population has elongated peakiSign 3a, b which exhibits a surprisingly high/T,
ratio around 10 at 2.5 MHz and around 40-50 at 23zMOn the contrary, the water peak stays fixed
around T/To~1.4 The highTi/T, ratio could reveal viscous bitumen [1]. This hypedis should be
discarded due to the high ratio around 4-5 in presef light oil [11]. Moreover, we did not observg
ESR the typical paramagnetic impurities of bitumkenFigs. 3, we do not observe any cross peaks, thu

proving the absence of proton exchange betweeandilwater populations on the time scale of 2D NMR



experiment. One obtains from Eqs. (1-4) the follogviatio of T)y e/ Tywaer @nd Tisy /T,5, for 2D and

1,water 2,water 1,0il

1D pore-geometries, respectively:

ot s |+ 3 Lr@Tn | 13,0 1+wd,
Ty 1) 4 \ (/1. f+afrl) 4 \(r,/1.) + il

1,2vl;ater ~ 2 ’ (5)
TZ,Water 3In 1+ C(J'zrri +7In 1+ a)érri
(7 /7.) + a7 (7 /7.) + 0tz
TS, bt Vaiehie i ot 1 i afe? + a2 e Ve ket 1 v ©

Too 3\/1+\/1+ T2 [\1+ afr? +7\/1+\/1+ W2r? [\J1+ i

We remind that the 1D diffusion relaxation modedgented in Section 3.2 for oil supposes a very long

surface residence timeg (>> 1) [5]. For the observed oil data, it appears frons.E§ and 4 that
T2 O\ /1, independently ofs when1 < 7 < 10 s, while T, behaves ad,5, 01/./1,7 for all &
This gives a ratio that behaves®S, /T,5, — 1wheng — 0 and TS, /T,5, O /wrs at high frequency
While T, maer! Tanees = 14 for water. We have displayed in Fig. 4a the freqyedependencies /T, for
water (Eq. 5) and oil (Eg. 6) when varyiagn the range betweeh s and10 s considering the large

variety of oil surface dynamics in the kerogen gor®ne notes that this ratio for oil could reacé th

values around!-10 at 2.5 MHzand 40-50 at 23 MHz For water, the ratid?°>.. /T?° =14 does not

2water! 12,water

vary much in frequency (or in) due to the 2D diffusive dimension and the smalige of pore sizes.
Last, we have also displayed in Fig. 4b the gfiin-correlation mafd;-T, calculated a.5 and 23

MHz with Egs. 1-4 by varyingy, within {0.1-10 ns}and {10-100 ps}or oil and water, respectively. We

note that Fig. 4b reproduces the two following xal#on features. (i) The oil peak shifts
as T,y O4wrsT,y in the range of larg&; andT, values when increasing the frequency in excellent
agreement with the proposed 1D relaxation theorg. Ndve represented schematically in Fig. 4b the

leveling off TLl; U4 /1, whereT; appears to be independentTefwithin the shorfl; andT, values.
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This leveling off is consistent with the generaketvation in shale oil rocks [11]. (i) The evoaurti of
the central peak of th&-T, correlation map as well as the large value obsefoe T, /T, (Fig. 4a) can

thus be explained by the low dimensionality of tilediffusion at the huge kerogen pore surface.sThi
result is of particular importance because it shdlet measuringl;-T, at different frequencies can
inform on the fluid typing in confinement.

We discuss finally how to generalize our observddRID profiles to other shale samples. The
kerogen maturity can have a direct effect on trezific surface are&, nvr Of the kerogen because it will
develop more and more sponge-like porosity.Rasi 2/ S, nvr the NMRD profile will thus be linearly
dependent on the kerogen maturity. The vé&ygur =30 nf/g used in our study is typical of a mature
sample compared to a much lower value found foreaknkerogen maturity. Varying the nature (spin
value §) and quantity (surface densit) of paramagnetic sources of relaxation will onffjeet the
absolute value oR; o but not its frequency dependence. The distributibtimes of residences for oil
at pore surfaces (Fig. 2) at low frequency canrieausally encountered in other shale samples. B¥en
the NMRD data are spatially limited to a few naneso the evidence of such a distribution at longes
is consistent with the recent simulations and teecal calculations proposed by several authors for

interpreting the difficulty of expelling the petealm fluids from the kerogen microstructure [16].

5. Conclusion

We have shown that fast-field-cycling NMR relaxomgetllows probing non-invasively surface
diffusion coefficients, residence times and loca&ttability of oil and water (brine) embedded in Isha
rocks. The highr,/T, values found for oil are shown to be due to a lodi#usion dimensionality (~1D)
than for water (2D) and no bitumen presence has beguired. Last, we have shown that measuring the
2D spin-correlation spectrd;-T, at two frequencies gives confidence on fluid tgpim the high
confinement of shales. We believe that the frequelependencies of the NMRD profiles which depend
drastically on the pore geometry and local dimemslity give unambiguous information on the local

dynamics of the embedded petroleum fluids.
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Figure captions

Fig. 1 (a) FIB SEM micrographs of the microporosity of a shaileock sample.

Fig. 2 Logarithmic plot of the measured proton spin—lattielaxation rate constarf& as a function of
the proton Larmor frequency for oil/water/air shalae continuous blue (water) and red (oil) linesthe
best fits obtained with Egs. 1 and 3, with the valoktained forr,, and 7s. We have varied the activation
energyEs at low frequency. We show in inset some examplehebimodal T-distributions obtained at

different frequencies.

Fig. 3 (a) Two-dimensionalT;—-T, spin-correlation maps observed for water and oil“as received”
shale-oil rock measured at 2.5 MHb) ibid T;—T, data measured at 23 MHz. The dashed lines indicate

the values ofy1/T, ratio.

Fig. 4 (a) Theoretical dependencies of the rafigT, with Larmor frequency for a 2D diffusion of water
in lamellar clay mineral (Eq. 5) and a 1D diffusiohoil in kerogen pores (Eq. 6). The circular geiare
the experimental values observed at 2.5 and 23 kil in kerogen. The different continuous lines
correspond to different values 01 < 1s < 1 5. (b) Theoretical2D T;-T» spin-correlation maps
calculated from Eqs. 1-4 at 2.5 and 23 MHz by vagyi, within {0.1-10 ns}and {L0-100 ps}for oil and

water, respectively. We have represented schenifgtinadotted lines the leveling offg, O /a /7,

whereT; appears to be independentflgffor shortT; andT, values.
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Highligths

* Nuclear magnetic relaxation dispersion profiles of longitudinal relaxation rates 1/T;
(NMRD) of oil and brine confined in shale oil rocks.

» Description of the nuclear relaxation models used for obtaining important dynamical
and structural parameters from these experiments.

* New interpretation of the very different T,/T, ratio observed for these petroleum fluids
on the 2D spin-correlation maps T;-T, observed at two frequencies.

* New information on the dynamics and wettability of the embedded fluids as well as
some structural measurement on the kerogen pore size



